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Abstract: Age-related macular degeneration (AMD) is the leading cause of blindness in the 
elderly (over the age of 60 years) in western countries. In the early stages of the disease, 
structural changes may be subtle and cannot be detected. Recently it has been postulated that 
the mechanical properties of the retina may change with the onset of AMD. In this 
manuscript, we present a novel, non-invasive means that utilizes synchronized acoustic 
radiation force optical coherence elastography (ARF-OCE) to measure and estimate the 
elasticity of cadaver porcine retina. Both regions near the optic nerve and in the peripheral 
retina were studied. An acoustic force is exerted on the tissue for excitation and the resulting 
tissue vibrations, often in the nanometer scale, are detected with high-resolution optical 
methods. Segmentation has been performed to isolate individual layers and the Young’s 
modulus has been estimated for each. The results have been successfully compared and 
mapped to corresponding histological results using H&E staining. Finally, 64 elastograms of 
the retina were analyzed, as well as the elastic properties, with stiffness ranging from 1.3 to 
25.9 kPa in the ganglion to the photoreceptor sides respectively. ARF-OCE allows for the 
elasticity mapping of anatomical retinal layers. This imaging approach needs further 
evaluation but has the potential to allow physicians to gain a better understanding of the 
elasticity of retinal layers in retinal diseases such as AMD. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

The retina is a light sensitive layer at the posterior section of the eye that is responsible for 
converting visual images and sending visual signals to the brain. Although the retina is thin, it 
has many well organized sublayers that contribute to its function. In people over 60 years of 
age, age-related macular degeneration (AMD) is the leading cause of vision loss in the United 
States [1-2]. Early stage AMD is marked by accumulation of drusen, which are focal deposits 
of acellular polymorphous debris that accumulate in the retinal pigment epithelium under the 
macula and the peripheral retina. In the late stage progression of AMD, the drusen can be 
accompanied by neovascularization and/or atrophy of the retinal pigment epithelium and also 
the overlying retina [1-2]. 

In order to diagnose AMD, fundus imaging, fluorescein angiography, and optical 
coherence tomography are some of the commonly used techniques in the clinic [3]. The 
structure of the retina has been studied extensively. For further analysis of the retina, there 
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have been many segmentation methods that have been used to separate the different layers 
within the retina [4–6]. Many of these features are built into commercial imaging systems, 
and automated detection is possible. The thickness of the layers and other anatomical 
structures can be analyzed in-vivo and correlated with pathology. Although, this structural 
information is very helpful in mid to late stage AMD, often it is not sufficient for very early 
diagnosis of AMD. 

As a precursor to neovascularization and disease progression, the elasticity of the tissue 
will change [7–10]. Friedman et al. demonstrated that increased scleral rigidity might be a 
precursor to the onset of AMD, which brought to attention the possibility of using mechanical 
properties as a diagnostic tool [8]. Shahbazi et al. used ultrasound to show that the posterior 
ocular elasticity of patients with AMD is indeed different than that of healthy humans, but did 
not offer retinal layer analysis [9]. Recently, Chen et al. presented the possibility of retinal 
elastin decreases during the early onset of AMD [10]. Since these cellular level changes are 
expected to precede structural abnormalities that can be detected with current imaging 
techniques, we believe that there is significance in studying the mechanical properties of the 
retina. In addition, elasticity changes in the retina and choroid can also occur when the 
microvasculature changes or when drusen forms. Optical coherence elastography (OCE) may 
offer an alternate method to detect the environmental changes that occur when alteration of 
cellular properties begin to take place. Measuring the elasticity will give scientists and 
physicians a better understanding on the disease mechanism in the early stages, and possibly 
provide a powerful diagnosis tool. 

In order to study the mechanical structure of the retina, several studies attempted to 
provide elastic properties by performing mechanical strain testing in vitro [11-12]. However, 
strain testing is not possible for tissues in vivo. In addition, the entire retina is extracted as a 
single unit, which means that individual layer information cannot be obtained. Although 
mathematical modeling of the retina to determine the Young’s modulus has been reported, in 
vivo determination remains a challenge [13]. In order to perform in vivo imaging with 
information of different layers, a high resolution system functional imaging system is 
necessary. 

OCE is a relatively new method of providing elasticity mapping with high resolution and 
sensitivity [14]. Several different applications have been studied using this technique, 
including the study of corneal elasticity [15–18]. However, the mechanical properties of the 
retina are still not well defined since the retina is inaccessible to many elastography methods 
or is limited by low resolution. We recently reported on an acoustic radiation force (ARF) 
OCE method that can map out the elasticity of the cornea both axially and laterally with high 
resolution [19]. 

In this manuscript, we present the quantified retinal layered elasticity map for the first 
time in a porcine model. The instrumentation has been updated, including a mechanical stage 
to increase the field of view and synchronization to generate a spatial elasticity map. In this 
way, the phase cycle of the tissue vibration is uniform in the direction parallel to the 
mechanical stage. First, structural optical coherence tomography (OCT) and functional OCE 
imaging were performed on a healthy pig retina near the optic disc and in the periphery of the 
retina after isolation of the posterior portion of the eye. Then the OCE phase information was 
analyzed along the axial direction. Then segmentation was performed on the retinal layers 
using OCT and the corresponding layer was matched on the OCE and histology. Nanometer 
displacement differences were observed between the layers. Finally, the relative stiffness was 
analyzed over 64 B-scan samples and statistical analysis was performed. The Young’s moduli 
are estimated for each layer using the experimental stiffness ratios and average elasticity 
obtained from literature. 
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fixed using agar gel and mounted to the imaging stage in the water bath. The optical disc was 
identified on the retina by its diameter of approximately 1.7 mm. Using the synchronized 
system, a region of 3 mm by 3 mm was scanned near the optical disc. Previously [19], only 
the middle 500 μm by 500 μm region can be assumed to have uniform excitation, but with the 
addition of the mechanical stage, a region of 500 μm by 3 mm is able to achieve uniform 
force. This expands our imaging region by 6 fold in this figure. 

The OCT cross-sectional image showing the optical disc region is displayed in Fig. 3(a), 
while the corresponding OCE phase map is displayed in Fig. 3(b). The B-scan shown is in the 
same direction as the movement of the mechanical stage. Within this B-scan, an accurate 
uniform acoustic field is guaranteed for elastography since synchronization allows for phase 
cycle uniformity in the direction perpendicular to the galvo scanning. 

The OCT and OCE images of the peripheral retina are shown in Figs. 3(c) and 3(d), 
respectively. The same scanning mechanism was used over a 3 mm by 3 mm region after 
shifting the focus to the peripheral retina, and then extracting the phase information, ( , )z tφΔ , 

from the raw OCT data. Then using the Doppler principle, the change in displacement of the 

tissue response can be calculated according to the following equation: 0( , )

4  cos

z t
d dt

n

φ λ
π τ θ
Δ

Δ =  , 

where 0λ  is the central wavelength, θ  is the Doppler angle, n is the refractive index, τ  is the 

exposure time of the detector. The Young’s modulus is inversely related to the change in 

displacement as depicted in the following relationship: Y
d

z

σ=
Δ

, where σ  is the stress and 

z is the axial depth. It is clear that the optic disc region had a much smaller vibrational 
response, indicating a stiffer tissue, than the peripheral retina and the retinal regions closer to 
the optic disc. The pocket structure in the middle of Fig. 3(b) had a very high vibrational 
response, which indicates a softer tissue that is concluded to be a collapsed blood vessel. This 
figure portrays the elasticity of the optic nerve relative to the peripheral retina and 
demonstrates the feasibility of using ARF-OCE in the mapping of retinal elasticity. It was 
also noted that the relative stiffness of the retina changes in the axial direction, suggesting the 
separation of different layers, with the top layer indicating the softest structure. 

Previously, we have shown that the ARF field is uniform across the imaging axial depth, 
and verified the ability of OCE to separate the stiffness of individual axial and lateral 
components in a connected agar phantom with inclusions [19]. OCE was able to extract the 
stiffness of the 2 layers of different elasticity accurately according to verification with 
compression testing methods [19]. In addition, we have also demonstrated that the vibrational 
response is uniform within the axial imaging range for a uniform phantom [20], which means 
that the material attenuation is minimal within the 1 mm imaging range. Therefore, according 
to the phase map, we conclude that the stiffness of the retina increases from the inner 
ganglion side (white arrow) to the outer photoreceptor side (yellow arrow). 

                                                                       Vol. 9, No. 9 | 1 Sep 2018 | BIOMEDICAL OPTICS EXPRESS 4058 



Fig. 3
OCE 
phase
indica

2.3. Segmen

Since differen
images, segm
presented pre
could be isola
4b was also s
directly since
between laye
values, which
retinal anatom
results. There
the imaging la
cell layer, an
probably cau
collapsed blo
approximately
during storage

The boun
images, and t
Within the in
with a redder 
color or high
connective bo
possible to co
The outer plex
outer nuclear 
low scattering
outermost lay
but low displa
μm for the po

3. Optical disc an
phase cross-sectio
cross-section of p

ates ganglion side 

ntation and hi

nt layers were 
mentation was 
eviously by ou
ated as shown 
egmented usin

e we have yet 
ers. Figure 4(c
h were derived 
my, there are id
efore, histology
ayers to anatom
d inner plexifo
sed by the de

ood vessel ne
y 40-48 hours
e and transport

ndaries for the
the mechanical
nner nuclear lay

color or lower
her elasticity 
oundaries betw
ompletely segr
xiform layer is
layer is diffic

g of optical li
yer of the retin
acement values
rcine retinal tis

nd peripheral retin
on of optical disc
peripheral retina. P
and yellow arrow 

istology correl

observed both
performed on 

ur group [21]. 
in Fig. 4(a). T

ng the same bo
to validate the
c) shows the 

from the frequ
deally 7 layers
y using H&E s
my. The top th
orm layer, wer
eterioration of 
ear the optic 
s after tissue h
t. 
e inner nuclear
l elasticity also
yer, there seem
r elasticity on t
on the outside
ween the laye
regate the laye
s relatively thin
cult to visualiz
ight. Therefore

na is the photor
s. The average
ssue. 

na imaging. a) OC
. c) OCT cross-se

Phase is measured 
points to the photo

lation 

h in the OCT 
the OCT ima

From experim
The OCE smal
undaries. Segm

e stiffness cont
corresponding
uency sweepin
that can be se

staining was pe
hree layers, inc
re compressed
the tissue aft
disc in Fig. 

harvest, and it

r layer was h
o showed cont
ms to be a elas
the inside as de
e, shown by 
ers that vibrat
ers due to the 
n and displacem
e on the OCT 
e, it was omit
receptor region
e imaging or pe

CT cross-section o
ection of peripher
in radians from 0 
oreceptor side. 

intensity imag
ages based on 

mental results, 
ll interval disp
mentation was 
trast correspon

g elastogram w
ng experiments
eparated, but w
erformed show
cluding the ner
d into a single 
ter harvest, al
3(b). Experim

t is likely tha

highly distingu
trast between u
sticity gradien
enoted by the w
the blue arro

te together. U
interdependen

ment values co
 image, since 
tted in the qua
n, which had h
enetration dept

of optical disc. b)
ral retina. d) OCE
to 5. White arrow

ges and the OC
a graph-based

5 different ax
placement imag

not performed
nding to the bo
with Young’s 
s. According to

were not visible
wn in Fig. 4(d) 
rve fiber layer, 

detected layer
so as indicate
ments were p
at degradation 

uishable from 
upper and low

nt in the axial d
white arrow an
w. This is du

Unfortunately, 
nt motion and 
ontinue to decr
its properties 
antitative analy
high scattering
th is approxim

 

) 
E 
w 

CE phase 
d method 
ial layers 
ge in Fig. 
d on OCE 
oundaries 
modulus 

o porcine 
e in these 
to match 
ganglion 

r. This is 
ed by the 
performed 

occurred 

the OCT 
wer layers. 

direction, 
nd a green 
ue to the 
it is not 
response. 
ease. The 
allow for 
ysis. The 

g contrast, 
mately 400 

                                                                       Vol. 9, No. 9 | 1 Sep 2018 | BIOMEDICAL OPTICS EXPRESS 4059 



Fig. 4
of OC
retina 
low el

From ana
affected by th
displacement 
retina. In the 
which is dire
longer central

2.4 Statistica

In order to ve
cross-sectiona
samples. Segm
were analyzed
estimated by c
summarized in

Since each
displacement 
ratios. In this
displacement 
publications [
but only relat
based on the 
square of the
different exc
response was
between the r
relationship w

is the Young’
kPa. The retin
mathematical 

4. Retina segmenta
CE displacement 

with the anatomic
lasticity. Blue arro

alysis of Fig. 
he difference in
can be measur
onset of AMD

ectly undernea
l wavelength ca

al analysis 

erify the consi
al OCT and OC
mentation was
d. Five differen
counting the ax
n Table 1. The
h of the 64 ima
values to a re

s case, the val
values are po

[22], the Youn
tive displacem
resonance freq

e resonance fre
itation freque

s observed at 
resonance freq

was determined

’s modulus. Th
nal elasticity m
model [13]. A

ation and elastogra
mapping. c) Corr
cal layers labeled.

ow point to outer n

4, it can be c
n OCT intensi
red. In this cas

D, drusen can f
ath the photore
an be used to in

istency of the 
CE B-scans we
s performed o
nt retinal layer
xial pixels and

e entire thickne
ages varies in t
elative scale so
lue of the hig

ortrayed as a fr
ng’s modulus is
ment ratios are 
quency theory 
equency [23]. 
ncy similar t
21 Hz. We e

quency and th
d to be 2E μ=
he Young’s m
measurement i

A weighted ave

am. a) OCT segme
responding elastog
 White arrow poin

nuclear layer portio

concluded that
ity. As long as
se, the depth p
form in the ret
eceptor layer 
ncrease imagin

relative layere
ere obtained at
on OCT image
rs were isolated
d averaging ove
ess of the retina
their phase cyc
o direct compa
ghest displacem
fraction of the 
s inversely pro
available. The
where the Yo
After measuri

to previous ex
experimentally

he Young’s mo
*0.03 , where 

modulus of the 
is similar to th
erage approach

entation. b) Corres
gram. d) H&E st
nt to outer nuclear
on with high elasti

t the OCE dis
s there is some
penetration was
tinal pigment e
shown. A hig
ng depth. 

ed stiffness ov
t different spati
es and the resp
d and the thick
er the lateral di
a was approxim
cle, it is necess
arisons can be 
ment was set 
maximum. As

oportional to th
erefore, the el

oung’s modulu
ing the displac
xperiments [2

y calibrated th
odulus using s
μ  is the reson

entire retina w
he ones report
h was used to p

sponding segments
taining of porcine
r layer region with
icity. 

splacement ma
e scattering, th
s enough to ca
epithelium (RP

gher output po

ver the entire r
ial locations on
pective OCE 
kness of each l
irection. The r

mately 400 μm
sary to normali

made accordi
to be 1, and 
s shown from 
he displacemen
lasticity estima
us is proportion
cement respon

23], the highe
he squared rel
silicone phanto
nance frequenc

was calculated 
ted in literature
provide individ

 

s 
e 
h 

ap is not 
e relative 

apture the 
PE) layer, 
ower or a 

retina, 64 
n 2 retina 
segments 
layer was 
esults are 
. 
ize all the 
ing to the 
the other 
previous 

nt values, 
ations are 
nal to the 
nse under 
est tissue 
lationship 
oms. The 
cy and E  

to be 13 
e using a 
dual layer 

                                                                       Vol. 9, No. 9 | 1 Sep 2018 | BIOMEDICAL OPTICS EXPRESS 4060 



elasticity, where the weight contribution was dependent on the thickness of the respective 
layers, and the mean was set to 13 kPa. The results are shown in Table 1, where the Young’s 
modulus was estimated anywhere from 1 to 26 kPa. The outer nuclear layer was omitted from 
this estimation since scattering signal was too low for proper detection of OCE. According to 
previous literature, the bulk elasticity of the retina has been determined to be 20 kPa with 
mathematical modeling methods [24], while the layered elasticity has been shown to increase 
from the ganglion to the photoreceptor sides, ranging from approximately 10 to 30 kPa using 
shear wave OCE methods [25]. The results from the ARF-OCE study closely agree with the 
reported values, and the increasing elasticity trend from the ganglion layer has also been 
similarly observed. The advantages of this ARF-OCE system lies in the capability to non-
invasively access the posterior eye and the high-speed mechanical mapping using a 
continuous modulated excitation. In addition, this ARF-OCE technology has nanometer scale 
displacement sensitivity, which allows us to minimize the ARF power [26]. 

According to the results for 4 retinal layers, it seems that the inside layer on top of the 
retina is much softer than the bottom layers, which is getting closer to the sclera. This is 
expected since the sclera, which is the protective outer layer, is much stiffer than the retina. A 
total of 64 B-scans were analyzed to correspond to 80% confidence level with 8% confidence 
interval. However, further analysis is necessary to accurately measure the retinal layers 
between several different samples. 

Table 1. Analysis of 64 B-scan locations on the retina 

Retinal Layer Mean 
Thickness (μm) 

Normalized 
Displacement 

Young’s 
Modulus (kPa) 

Nerve fiber layer 
Ganglion cell layer 
Inner plexiform layer 

67 0.99 1.33 ± 0.37 

Inner nuclear layer 132 0.48 2.73 ± 0.82 

Outer plexiform layer 37 0.17 7.7 ± 2.26 

Outer nuclear layer 84 N/A N/A 

Photoreceptor 
inner/outer segments 

72 0.06 25.9 ± 7.36 

 
Since the ARF-OCE measurements are based on the sample displacement, it is less 

accurate for stiff samples that correspond to a low tissue displacement. The reason is that the 
measurements are often at the ten-micron level, meaning that a small amount of noise or 
motion will create a larger percentage of error. Therefore, in Table 1, the error increases with 
the stiffer layers of the retina as expected. 

3. Discussion and conclusion 

This study using ARF-OCE technology is the first to visualize the mechanical properties of 
individual retinal layers, where 4 distinct layers were quantified. An ARF-OCE system was 
set up with synchronized excitation, detection, and scanning for better control of the 
modulation phase cycle. By analyzing the cross-sectional images perpendicular to the 
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galvanometer scanning direction, it can be guaranteed that the B-scan shows a synchronized 
vibration in a uniform phase cycle. Using this approach, elasticity maps were obtained for the 
peripheral retina and the optic disc regions. Segmentation was performed on the OCT images 
and the corresponding layers were separated in the OCE, and both were matched to histology 
results using H&E staining. Further analysis was performed on 64 B-scans to estimate the 
thickness of the 5 layers as well as the relative displacement values. Using a weighted average 
method, the Young’s moduli for 4 different retinal layers were estimated. 

Since this is a feasibility study to demonstrate the ARF-OCE method to generate 
quantified elasticity maps, only results from 1 sample is analyzed, and the sample was not 
very fresh as can be seen by the collapse of the top three layers. We are currently doing work 
on more samples in order to study the consistency between different subjects. However, 
freshness of the samples remains a problem. Since the porcine eyeball deteriorates at a rapid 
rate, and retinal structure is highly correlated with perfusion and freshness, it is difficult to 
obtain ex-vivo data. In addition, the anterior of the eye is always clouded, making the removal 
of the cornea and lens a necessity. However, since the procedure itself is non-invasive, it has 
a very optimistic outlook in in-vivo animal studies. There are a few issues that must be 
addressed in advance. 

The imaging region of the sample must be further expanded in order to decrease imaging 
time and complexity during the procedure. This can be solved by using an ultrasound 
transducer with a wider focus or no focus. Scanning can be performed over the entirety of the 
retina within 12.5 seconds. This also indirectly helps to address the problem of the safety of 
the acoustic excitation. In order to adhere to the mechanical index limit of 0.23 for human 
ocular tissue, it is necessary to lower the excitation power per unit area. The current MI was 
estimated to be around 0.9. Since OCE has nanometer displacement sensitivity, it would be 
sensitive enough to detect smaller vibrations that adhere to the MI. 

Since ARF is used for excitation, a transmission medium is necessary for the propagation 
of the ultrasound force. While it is sufficient to use a PBS bath in ex vivo settings, the current 
setup would not be feasible for in vivo imaging. In clinical ultrasound for ophthalmic 
applications, ocular ultrasonic gel can be directly applied to the eye and serve as the medium 
between the probe and the eye. Another solution is a steridrape setup, which involves a 
transparent drape that comes into contact with the eye and the probe is submerged into fluid 
on the other side. Both these setups can easily be adapted for use with the ARF-OCE system. 

Another observation we made was the blending of the OCE information at the boundaries 
between layers. This is caused by the bulk vibrations of the entire sample, where each of the 
connected layers affect each other. In addition to the visible layers, the sclera is relatively a 
much stiffer medium that can also affect the lower layers of the retina. If there is a stiff layer 
connected to a soft layer, the boundary shows a gradient [16]. This relationship must be taken 
into account when analyzing the mechanical properties of the layers. Modeling of the 
viscoelastic phenomenon can help us better understand this issue and make more accurate 
parameter estimations. 

The ARF-OCE technology was used to quantify retinal layered elasticity and is adaptable 
to in-vivo applications. We believe that this initial demonstration in the porcine eye is a 
stepping stone to the translation of the technique, which can potentially provide a powerful 
tool for the clinical diagnostic management of AMD. 
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